INTRODUCTION
Starting in February 2011, a cluster of young adults were admitted to the intensive care unit (ICU) of a tertiary care hospital in Seoul with severe respiratory distress. They were previously healthy without a history of respiratory or systemic diseases. The patients were uniformly refractory to therapy, which included antiviral agents and immunosuppressive agents. The condition progressed until death or lung transplantation in many cases. Extensive laboratory investigations failed to find the aetiology. The authors had not encountered the disease previously and had not seen any reports of a similar condition in the literature. Due to the dreadful nature of the disease, the authors reported the cases to the Korean Center for Disease Control (KCDC) and consulted with domestic colleagues via the Korea Research Group for Respiratory Failure, which is a nationwide network of Korean intensivists. Through these efforts, several other patients in other regions of the country were identified, after which they were transferred to the authors' institution. During this process, the authors became aware that there were also infant cases and clusters of familial cases.
METHODS
The authors organised and chaired several multidisciplinary conferences that were attended by pulmonologists, radiologists and pathologists. The clinical manifestations, high-resolution CT observations, and the findings of various pathology specimens (video-assisted throracoscopic surgery biopsies taken for initial diagnosis, the lungs after they were explanted for transplantation, and autopsy lungs) of the cases were studied closely so that the disease,
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What is the key question?
What was the main cause of the respiratory disease in the cluster of mostly peripartum women who were admitted to hospital in the spring of 2011 in South Korea?
What is the bottom line?
We report for the first time a case series of 17 patients with lung injury and respiratory distress associated with the use of home humidifiers.
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This tragic cases series indicates that more stringent safety regulations are needed to protect the public from toxic inhalants at home.
particularly its early and late phases, could be characterised. During the multidisciplinary conferences, several hypotheses were raised. A novel viral infection was first suspected because there had been a number of viral epidemics in recent years, including avian flu, severe acute respiratory syndrome (SARS) and HIN1. However, this possibility was ruled out after extensive microbiological investigations with the KCDC microbiological laboratory, as detailed further below. Yellow wind (seasonal yellow dust-bearing winds that originate in the deserts of Mongolia, China and Kazakhstan and affect much of East Asia) was also suspected but the location of the patients and the time of symptom onset did not correlate with the path or the date of the wind invasion in the Korean peninsula. As the multidisciplinary discussion progressed, our interest was caught by three prominent facts. First, the radiology and pathological findings were indicative of an inhalational route of injury. Second, nearly all of the cases occurred in winter to early spring. Third, many of the patients were peripartum women, who are known to tend to stay indoors, especially during winter and early spring. Eventually, we came to the hypothesis that some inhalational agent used in the homes during winter and early spring might be responsible for the disease. Together with the KCDC, we then decided to perform a case-control epidemiological study that assessed a number of potential inhalation toxins in the homes, including humidifier disinfectants (this study is described in detail in an accompanying article 1 ). Informed consent was waived because the disease was considered to be a public health emergency. As soon as the culprit was detected through the case-control analysis, an animal study was conducted in collaboration with the Korean Institute of Toxicology (not detailed in this article). All statistical analyses were performed by using SAS V.9.2 (SAS Institute, Cary, North Carolina, USA).
Radiological examinations
All patients underwent CT around their initial visit to the hospital (mean interval from the initial visit to the CT exam 8.3 days; median 3 days). In most patients (13/17), a follow-up CT exam was performed within 1 month of the first CT. The mean interval between these two CT exams for the 13 patients was 23.8 days (see online supplement).
Case definitions
The medical records of our centre after 1 January 2011 were reviewed retrospectively to identify all possible cases of the disease in patients who were aged ≥15 years and who had no known underlying lung disease (this study is described in detail in an accompanying article 1 ).
Laboratory studies
Sputum, bronchoalveolar lavage (BAL) fluid and blood samples were tested for a panel of bacteria, virus and fungi (see online supplement).
RESULTS

Clinical characteristics: initial presentation and clinical course
In total, 17 cases of the humidifier disinfectant-associated lung injury were identified. Five patients died and four underwent lung transplants. The median age was 35 years (range 28-49). Six patients were pregnant at presentation and four had given birth 2 weeks previously. The incidence of the cases peaked in late April and declined at the beginning the month of May ( figure 1 ). There were no further cases after June, either by direct admission or transfer from other hospitals. Table 1 summarises the characteristics of the patients. All lived in urban areas scattered throughout the nation. The localities did not concentrate in a particular area. There were no pre-existing medical illnesses. Of the 17 patients, 13 were admitted. The remaining four patients were managed in an outpatient setting (figure 2). The main presenting symptoms were dyspnoea and cough; fever was noted in only 20%. For the initial diagnosis, 13 patients underwent BAL fluid testing, five patients underwent video-assisted thoracoscopic biopsy, and two underwent transbronchial or percutaneous lung biopsy.
All admitted patients were treated empirically with antibiotics (eg, quinolones, β lactams and vancomycin) and antiviral agents. None of these treatments achieved notable improvement. Of the Figure 1 Clinical course of 17 patients with lung injury associated with humidifier use. The median time of presentation to the hospital was 30 days after the onset of symptoms. The median time of intubation was 11 days after hospital admission. The median time of death was 36 days after hospital admission. ICU, intensive care unit.
17 patients, 9 (53%) received norepinephrine infusion, 15 (88%) received high-dose steroid therapy, 4 (24%) received cyclophosphamide and 6 (35%) received intravenous immunoglobulin. None of these treatments had an effect. The five patients who had more than 10% eosinophils in their BAL fluid did not respond to steroids.
Of the 13 admitted patients, three improved slowly after hospitalisation but the remaining 10 admitted patients showed rapid progressive respiratory distress that eventually required invasive ventilation (figure 2). Mechanical ventilation was applied for 4-59 (median, 25) days. Seven of these patients developed renal failure and multiorgan system failure. Extracorporeal membrane oxygenation (ECMO) therapy was performed in eight patients. Before this, none of the patients had disseminated intravascular coagulation or neurological complications. Of the patients who required ECMO, the lungs were like solid organs in the most severe cases: they were totally airless except for the conducting airways and barely received any significant tidal volume from the ventilator. Of the eight patients who underwent ECMO, four subsequently underwent lung transplantation and survived. Of the remaining six patients who underwent invasive ventilation, and who did not receive lung transplants, five died. Thus, the ICU mortality rate was 50% (5/10). Six cases also had one or more family members who had the respiratory disease: five cases were mothers and children, and there was also one husband and wife (figure 3). However, none of the healthcare workers in the general ward or ICU developed any respiratory symptoms during or after the stay of the patients.
Laboratory findings
At admission, the mean leukocyte count was 10 900 (range 5500-42 000) per cubic millimetre and the mean C-reactive protein level was 1.73 mg/dL (range 1-14). Ten of the 11 patients in whom procalcitonin was measured had low levels (<0.05 ng/mL). Arterial blood gas analysis showed an average PaO 2 of 78 mm Hg (range 48-132) and an average PaCO 2 of 39 mm Hg (range 29-98). All nine patients who underwent a pulmonary function test showed a restrictive pattern: the mean forced vital capacity (FVC) was 2.07±0.8 L (53±20% of the predicted), the mean forced expiratory volume in 1 s (FEV 1 ) was 1.86±0.7 L (57±22% of the predicted), the mean FEV 1 / FVC was 89±4%, and the mean diffusing capacity of the lung for carbon monoxide (DL, CO) was 40.7±17.5% predicted. BAL fluid testing was performed in 13 patients (76%): the mean differential cell counts of the BAL fluid were 10% neutrophils (range 0-73%), 3% lymphocytes (range 0-18%) and 9% eosinophils (range 0-61%). In all patients, the sputum, BAL fluid and blood samples were negative for a panel of bacteria, viruses and fungi. 
Radiological and pathological findings
The radiological findings revealed a rather unique chronological pattern. The early stage was characterised by multifocal, patchy areas of consolidation appearing at the lower portion of both lungs. In that stage of the disease, the subpleural areas were spared. In the later stage, however, the lesions evolved into diffuse centrilobular ground-glass opacity that now involved the entire lung without zonal predominance (figures 4 and 5). This radiological transition occurred approximately 2-3 weeks after the onset of clinical symptoms. This unique chronological change from consolidation to centrilobular ground-glass opacity was seen in 10 (76.9%) of the 13 patients who underwent a follow-up CT exam. One of the remaining three patients ( patient 1) simultaneously exhibited patchy consolidation and centrilobular ground-glass opacity on the initial CT (table 2). In the other two patients ( patients 9 and 10), the initial CT did not detect patchy areas of consolidation (table 2) . The density of centrilobular ground-glass opacity varied from patient to patient and indicated different degrees of peribronchiolar inflammation and fibrosis. Eleven patients developed pneumomediastinum or pneumothorax spontaneously (ie, before they were mechanically ventilated). Fourteen specimens were obtained from 11 of the 17 patients (table 2): in three patients (patients 6, 8 and 15), two specimens each were obtained. Four specimens were explanted lungs, three were autopsy lungs, five were wedge resections, one was a transbronchial lung biopsy, and one was a percutaneous needle biopsy. All specimens showed a bronchiolocentric (centrilobular), temporally homogenous, acute lung injury pattern with subpleural and peripheral alveolar preservation, although the degrees of bronchiolar and alveolar injury and the extent of distribution varied (table 3 and table 4 , figure 6 ).
Seven specimens were taken in the early stage (from patients 6, 7, 8, 9, 11, 14 and 15). In these specimens, the bronchiolar lesion showed uneven bronchiolar wall thickening with subepithelial fibroblastic proliferation and peribronchial and/or bronchial mononuclear cell infiltration. This supported a diagnosis of constrictive or obliterative bronchiolitis. The alveolar septa showed septal expansion due to lymphoplasmocytic inflammatory infiltration and a hyaline membrane accompanied by alveolar pneumocyte hyperplasia. Intra-alveolar fibroblastic plugs and intra-alveolar macrophages were observed frequently.
The remaining seven specimens were taken in the later stage (from patients 1, 2, 4 and 5; the second specimens from patients 6, 8 and 15). Bronchiolar destruction with scarring was observed and the alveoli were remodelled by inflammation and fibrosis. Interstitial fibroblastic proliferation and intra-alveolar fibroplastic plugs with mural incorporation were observed. Figure 5 A 36-year-old postpartum women who survived. On CT obtained on hospital day 2, multifocal patchy areas of consolidation were identified at the lower portion of both lungs (A). Two weeks later, consolidation decrease in extent and density and diffuse centrilobular ground-glass opacity nodules become more distinct (B). One and a half months after onset, diffuse centrilobular ground-glass opacity nodules remain faint compared with prior CT (C). However, ring fibrosis, which is usually seen in end-stage diffuse alveolar damage, was not observed. Type II pneumocyte hyperplasia was observed and a residual hyaline membrane was identified in some cases. Even though four of the seven late-stage specimens ( patient 2, the second specimens of patients 6, 8 and 15) showed end-stage lung fibrosis, peripheral lobular air space preservation and obliterative bronchiolitis pattern were maintained. None of the cases exhibited granulomatous lesions or old mature fibrosis, including smooth muscle metaplasia and microscopic honeycomb change.
DISCUSSION
We experienced 17 cases of humidifier disinfectant-associated lung injury. This case series report describes the clinical, radiological and pathological characteristics of these patients. Several were family cluster cases but there was no apparent transmission to healthcare workers involved in the care of these patients. The clinical course of this disease was subacute and in many of the 17 patients disease progressed relentlessly to a fatal state that resembled severe hypersensitivity pneumonitis (HP), acute interstitial pneumonia (AIP) or acute respiratory distress syndrome (ARDS). Five of the patients died and four received lung transplants. After epidemiological investigations, the KCDC announced in November 2011 that there was a causal relationship between humidifier disinfectant use and lung injury and that disinfectant products had to be withdrawn from the market. In 2012 and 2013, there were no reports of similar cases throughout Korea. Apart from the well known toxic indoor and outdoor inhalants, there are many other seemingly innocuous inhalants that can threaten human health. [2] [3] [4] [5] Although several well documented humidifier-related infectious lung diseases exist, we found no evidence of microbial infection in any of our patients despite extensive investigation. [6] [7] [8] Humidifier use in South Korea has increased considerably over the past decade, with higher rates of use in urban areas than in rural areas. 9 10 The KCDC found that particles generated by humidifiers (mass median aerodynamic diameter peaked at around 100 nm) can be inhaled and can cause lung irritation and injury in exposed animals (see online supplement).
A remarkable feature of the present case series was that most of the patients were pregnant or peripartum. A recent study found that many pregnant women in Seoul used humidifiers: the annual average was 28.2% and this increased to over 45% in winter, and for on average 7.3 h per day, 4.6 days per week. 9 10 Because these populations tend to remain inside the house, they may have been exposed longer to humidifier disinfectant aerosol during winter than other populations. It is not clear, however, whether this Figure 6 Lung histology in a typical case with lung injury associated with humidifier use. The fibro-inflammatory process predominantly involves bronchioles and centrilobular lung parenchyma without notable granuloma (arrow in A). Bronchiolar lesions were characterised by epithelial sloughing and replacement by flatten regenerating cells (arrow in B), mild to severe subepithelial fibroblastic proliferation resulting in bronchiolar obliteration, and various degrees of peribronchiolar fibrosis (B). Parenchymal lesions showed histological patterns of alveolar damage observed in a spectrum of diseases ranging from the early exudative/inflammatory phase to the extensive fibroproliferative/fibrosing phase (C). Characteristically, subpleural and paraseptal airspaces were relatively preserved even in end-stage explanted lung (arrow in D).
factor alone can explain their susceptibility to humidifier disinfectants. Nevertheless, the existence of familial cluster cases supports the notion that inhalation exposure was an important determinant of the disease. The pathogenesis of the humidifier disinfectant-induced lung injury is unclear. However, it is possible that the humidifier dispersed nano-sized disinfectant-containing particles that were then captured in the terminal bronchioles (see online supplement). The chemicals were then absorbed, leading to cytotoxic cellular injury and inflammation of the epithelial layer.
There are few studies regarding the health and safety of nanoparticles, even though they are so small that they can easily enter or diffuse through membrane pores.
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The main histological features of the cases were as follows: a bronchiolocentric distribution, an obliterative bronchiolitis pattern, subpleural and peripheral alveolar reservation, an organising pneumonia (OP) pattern, a diffuse alveolar damage pattern, and temporal homogeneity of the fibro-inflammatory process. When considered individually, these histological findings are suggestive of existing disease entities such as the diffuse alveolar damage of ARDS, HP, bronchiolitis obliterans OP (BOOP), and acute fibrinous and OP (AFOP). However, when taken together, they constituted a distinctive lung injury entity. For instance, the hyaline membrane and type 2 pneumocyte hyperplasia that were seen in the cases are also observed in the acute and late phases of ARDS, respectively. However, the predominant centrilobular distribution with sparing of the lobular periphery of the major histology that was observed in our cases was not consistent with ARDS. Our cases also seemed to share some features of HP with regard to sparing of the subpleural area, a bronchiolocentric distribution and the BOOP pattern. However, there were no granulomas, giant cells or evidence of acute lung injury, which are observed in HP. The online supplement details the pathological differential diagnosis of the cases from other conditions, such as AFOP, BOOP and acute exacerbation of interstitial lung disease.
The radiological features of the patients were rather unique and thus were distinguishable from existing diffuse lung diseases. The multifocal patchy consolidation observed in the early stage is also seen in patients with BOOP or ARDS. However, these conditions generally do not spare subpleural regions and do not evolve to diffuse centrilobular ground-glass opacity. Based on the diffuse centrilobular ground-glass opacity of the later stage, the most likely radiological diagnosis was acute or subacute HP. However, the rapid fibrotic progression of the ground-glass opacity and the universal refractoriness to corticosteroid therapy were not consistent with these diagnoses. AIP or acute exacerbation of unclassified interstitial pneumonia could explain the rapid deterioration of the patients, but the airwaycentred inflammation on pathology and the centrilobular ground-glass opacity on CT discredit this possibility.
Our patients showed restrictive pattern in pulmonary function testing, even though their main pathological finding was a bronchiolocentric distribution. Recently, Berger et al 12 reported that airway disease can also present as restrictive. Many of our patients spontaneously developed pneumothorax or pneumomediastinum at a relatively earlier stage of disease (ie, before mechanical ventilation was applied). We propose that the spontaneous pneumothorax may have been caused by leakage around the pathological bronchioles due to a large amount of negative pleural pressure associated with desperate respiratory efforts.
This study had a number of limitations. First, although all patients in this study used humidifier disinfectant and household clusters of patients were observed, not all members of each household became ill. This indicates that if this injury was indeed due to inhaling humidifier disinfectants, there are doseresponse, exposure-duration or exposure-proximity relationships that have not yet been determined. Second, since the condition only came to our attention because of a cluster of patients who were admitted to the ICU, we are unable to comment on the prevalence of less severe disease (ie, those who were treated as outpatients or those who did not seek treatment at all). Third, since the clustering of patients was only identified in retrospect, a standard diagnostic or therapeutic algorithm could not be employed.
In summary, the clinical, radiological and pathological findings of the first case series of 17 patients with lung injury and respiratory distress associated with humidifier disinfectant inhalation are reported here. This association indicates that more stringent safety regulations targeting potentially toxic inhalants in the home are warranted. 
